The present work explores the effect of small N -body spherical satellites with total mass ratios in the range ≈ 1:1000-1:100 in inducing gas flows to the central regions of a disc galaxy with late-type morphology resembling the Milky Way. Two model galaxies are considered: barred and non-barred models; the latter one is motivated in order to isolate and understand better the effects of a satellite. Several circular and non-circular orbits are explored. considering both prograde and retrogade orientations. We show that satellites with such small mass ratios can still produce observable distortions in the gas and stellar components of the galaxy, indicating that these minor interactions can -for example-be a mechanism that produces lopsidedness. In terms of gas flows, the prograde circular orbits are more favourable for producing gas flows, where in some cases up to 60% of the gas of the galaxy is driven to the central region. We find, hence, that small satellites can induce significant gas flows to the central regions of a disc galaxy, which is relevant in the context of fuelling active galactic nuclei.
INTRODUCTION
Galaxies are not isolated from the rest of the environment in which they reside and constitute an open system where different kind of physical interactions occur; in particular gravitational interactions, major or minor, occur during their whole lifespan. Actually, it is rather hard to define in practice what an isolated galaxy is and where to study truly secular phenomena . The study of the effects of major gravitational interactions on the structure and evolution of galaxies has a long tradition, and its modeling has been increasing in complexity both in including the physics of the interaction as well as the numerical methods used (e.g. Holmberg 1943 , Toomre & Tommre 1974 , Barnes & Hernquist 1991 , Bustamante et al. 2018 . Numerical simulations have shown, for example, that major interactions between galaxies with a gas component are able to induce large torques on the gas component and transport large amounts of angular momentum to the centres of galaxies, with the ability to fuel an AGN.
The study of minor interactions continues but at a somewhat slower rate, and has proven that they can lead to detectable and important features in, for example, the evolution of spiral galaxies (e.g. Bourneau & Combes, Mapelli et al. 2015) and effects on star formation (e.g. Cox et al. 2008 , Kaviraj 2014 . All of these studies have explored effects of satellites with total mass ratio to the main galaxy (R) in the range of 1:4 to about 1:20.
⋆ E-mail: fgr2@st-andrews.ac.uk
The mass function of satellites around galaxies is dominated in number by a large quanity of small faint satellites (e.g. González et al. 2006 , Wang & White 2012 . So a question that naturally arises up in the context of minor mergers is, up to what mass ratios are the effects of perturbers noticeable and significant in the evolution of the main galaxy? In particular, what effects can very small satellites in the range of total mass ratios of R ≈ 1:100 have in the large-scale motions of gas have? This last question bears relation to the possibility of moving important amounts of gas to the inner parts of disc galaxies to provide a condition for further movement into the central parts by local mechanisms.
Works exploring the above questions are the classical studies of Mihos & Hernquist (1994, MH94) and Hernquist & Mihos (1995, HM95) . These authors investigated the effects of the impact of small satellites, with R ≈ 1 : 50, on the large-scale motion of gas under different orbits. They found that prograde encounters in circular orbits lead to integrated flows of ≈ 10 9 M ⊙ in about a few orbital periods. Others orbits less likely to move such amounts of gas into the inner regions. More recent works (e.g. Dobbs et al. 2010 ) have focused on trying to reproduce particular features in spiral galaxies expected to be produced by minor interactions (e.g. Pettitt et al. 2016) .
To our knowledge, the exploration of the effects such very ratios (R < 1 : 100) have on the global dynamics of the gas in spiral galaxies has not been addressed up to now. It is probable that during the cosmic history of a disc galaxy it suffered multiple perturbations by this type of satellites, and their individual or collective effects might have played a c 2002 RAS role in the bulk dynamics of gas and other related effects as star formation.
In this work, we explore the gas flows in a disk galaxy induced by the perturbation of a satellite with a mass ratio R of 1:1000-1:100. In §2, we describe the models, initial conditions, and simulation parameters. In §3, the results of the simulations are described. A discussion of these is presented in §4 and §5 summarizes the conclusions of this work.
MODELS AND INITIAL CONDITIONS

Galaxy Models
The method and code of McMillan & Dehnen (2007) is used to generate isolated disk galaxies or spheroidal systems.
1
The primary galaxy consits of a self-consistent dark matter halo, a stellar and gaseous disc, and a bulge. The dark matter halo is represented by a truncated Navarro et al. (1996) density profile given by:
where r h is the scale radius and r t defines the scale length of the truncation function. The disc has an exponentialisothermal sheet density profile given by:
where M d is the disk mass, R d is the scale radius, and z d is the vertical scale. The stellar bulge follows a Hernquist (1990) profile given by:
where M b is the mass of the bulge and r b is the scale radius.
For the halo, we use M h = 10 12 M ⊙ , r h = 21 kpc, and r t = 210 kpc. The disc has a mass of M d = 4.167 × 10 10 M ⊙ , a scale radius of R d = 3.5 kpc, and a vertical scale of z d = 0.35 kpc. The mass of the bulge is M b = 8.33 × 10 9 M ⊙ and the scale radius is r b = 0.7kpc. These parameters are representative for a Milky Way sized galaxy (Klypin et al. 2002; McMillan & Dehnen 2007) .
We include an isothermal gas disc with M g = 0.1M d = 4.167 × 10 9 M ⊙ and T = 10 4 K. It is initially distributed in a similar way to the stellar disc. The circular velocity of the gas has been initialised taking into account the effect of a radial pressure gradient due to the initial radial density profile (e. g. Wang et al. 2010) The method of McMillan & Dehnen (2007) allows to set the Toomre Q parameter to be a nearly constant function of radius. We choose two models, one with Q = 3.0 (Model A) and a second model with Q = 1.5 (Model B). The first model, although rather unrealistic for a disc galaxy with a late-type morphology like the Milky Way, is chosen in order to isolate as much as possible the effects of the perturbing satellite from those of a stellar bar. Model B forms a bar which affects the gas flows in the central regions.
The satellite galaxy is assumed to be a pure dark matter subhalo represented by a Plummer profile:
where a is the scale radius, ρ 0 = 4M s /4πa 3 , and M s is the mass of the satellite. The density and scale radius of the satellite are defined such that the average density within its half-mass radius is similar to that of the disk. A similar approach has been followed by Mihos & Hernquist (1994) and Hernquist & Mihos (1995) in specifying the parameters of a satellite. This has the advantage of using satellites with different masses while preserving a constant-average density. The following set of parameters are chosen for the model satellite: M s = 6 × 10 9 M ⊙ and a = 1.0 kpc, labelled Satellite 1, and M s = 1.2 × 10 10 M ⊙ and a = 1.3 kpc, labelled Satellite 2. These are chosen in order to test the effect of varying the mass of the satellite on the induced flows in the disc. These masses correspond to mass ratios with respect to the total mass of the galaxy of R ≈ 6 : 1000 and ≈ 3 : 265 respectively, which fall in the range of ratios between 1:1000 -1:100.
The orbital parameters for the infalling satellites are chosen as follows. First, we take a circular orbit inclined by 30
• and test two initial orbital radii: R i = 3R d and R i = 6R d (labelled Orbit 1 and 2, respectively). Prograde and retrograde encounters are explored for both orbits. The prograde encounter with i = 30
• and R i = 6R d has also been explored in HM95. This choice of orbits allows to explore the effect of the impact parameter of the satellite in inducing gas flows in the host. In order to explore the effects of non circular and coplanar orbits, we assume an orbit with apocenter r a ≈ 6R d kpc and pericenter r p = R d (Orbit 3). Prograde and retrograde encounters are also considered. We consider that this choice of orbits allows to test the effect of varying the impact of the satellite and compare the difference between an encounter in the central region to one in the outer region of the host. Although high-eccentricity orbits may be more likely for infalling satellites, low-eccentricity orbits are not discarded according to eccentricity distributions derived from cosmological simulations (e.g. Benson 2005; Zentner et al. 2005; Khochfar & Burkert 2006; Wetzel 2011; Barber et al. 2014) 
Numerical Code and Simulation Parameters
Simulations are performed with the public version of the Nbody and hydrodynamics code GADGET-2 (Springel 2005) . It is a highly parallelised code that implements the Tree code (Barnes & Hut 1986 ) to compute gravitational forces. Gas dynamics are treated with the Smoothed Particle Hydrodynamics (SPH) method and gravitational forces are computed using an optimised version of the TreeSPH code (Hernquist & Katz 1985) . This version of the code allows to use either an isothermal or an adiabatic equation of state for an ideal gas to evolve the thermal physics of a gaseous component.
The models described in §2.1 are constructed with the following parameters. The components of the host galaxy were generated using N h = 10 6 particles for the halo, N d = N g = 500 000 for the stellar and gaseous disc respectively, and N b = 10 000 for the bulge. All satellite galaxy models are initialised with N s = 72000 particles. This level of resolution is chosen as we are interested interested in evolving the system for long-time scales. All the simulations include gas self-gravity.
GADGET-2 allows to specify different gravitational softenings to particles of different components of the galaxy. The softening lengths used in the simulations are: ǫ h = 0.121 kpc for halo particles, ǫ g = ǫ s = 0.035 kpc for gas and stellar particles, and ǫ b = 0.1 kpc for bulge particles. The softening parameter for the satellite's particles has been set equal to that of the disc. The simulations are performed in a natural system of units (G = 1) where the unit of mass is u m = 10 10 M ⊙ , the unit of distance is u l = 1.0 kpc, the unit of time is u t = 4.7 Myr, and the unit velocity is u v = 207.5 kms −1 . Both models A and B are evolved in isolation up to t = 8τ , where τ ≈ 240 Myr is the orbital period of the model galaxy at R = 8 kpc in order to test the stability of the system. The positions and velocities at t = 4τ of this simulation are used as initial conditions for the host galaxy in the simulations that include the infalling satellite. This choice is motivated by the fact that for the barred model, the formation of the bar and growth of spiral structure takes some time. This is to ensure that the initial condition that includes the satellite has a morphology representative of a late-type barred galaxy. This satellite-galaxy system is evolved for an additional lapse of 4τ .
RESULTS
Morphology
Simulations with the primary and satellite galaxy models described in §2 show that prograde encounters tend to form spiral patterns on the host galaxy, with the most prominent induced by the satellite with the initial orbit with R i = 6R D (Orbit 2). As shown in Figure 1 , resembles the morphology of a grand design spiral galaxy.
For the non-barred galaxy (model A), the satellite in the smaller orbit induces morphological disturbances, though not as symmetric as those induced with the larger orbit (Orbit 2). In the case of Orbit 2, some disturbances are generated in the first disc crossings, and a strong m = 2 spiral pattern is produced after the third passage at t ≈ 2.9τ . The spiral pattern is still present after a fourth passage of the satellite, and the satellite eventually decays into the central region. In the case of the retrograde encounters with model A, the smaller orbit (R i = 3R d ) does produce some disturbances or ripples in the disc.
On the other hand, the satellite in a retrograde orbit with R i = 6R d starts interacting with region of lower density, so the orbital decay is much slower. After approximately 4τ of evolution, the satellite has not yet decayed sufficiently to affect and disturb the inner regions of the galaxy. For the prograde coplanar orbit with R p = R d (Orbit 3), a spiral pattern is clearly formed in the gaseous component, though it is not as symmetric as in the previous cases. In the retrograde sense of this orbit, the first passage leaves a trail in the gaseous component that is approximately coincident with the orbit of the satellite as it passes through the disk. This trail eventually rotates with the galaxy. As the orbit of the satellite decays, it continues to produce some damage on the gas disk.
In the simulations with the barred-galaxy (Model B), a prominent m = 2 spiral pattern is induced by the satellite following Orbit 2 in a prograde sense, with a morphology is similar to that of the simulations with Model A. For the smaller orbit (R i = 3R d ), noticeable disturbances of the gaseous and stellar components are generated. The more massive satellite produces the more prominent effects. In the case of the retrograde orbits, the orbit with R i = 3R d does induce some disturbances. Nevertheless, in this particular case, there is difficulty in determining if these are a consequence of the satellite interaction as they are barely distinguishable form the spiral pattern formed in isolated evolution. As with Model A, no significant effects are observed in the simulation with Orbit 2 (R i = 6R d ). Finally, in a retrograde coplanar orbit with R p = R d , the satellite produces noticeable effects on the gas and stellar components.
Results in this section show that satellites in this total mass range (R ≈ 1 : 100) still have potential to produce significant morphological changes on the host galaxy. Similar morphological effects are produced in both the non-barred and barred galaxies, but being more prominent with the more massive satellite (1.2 × 10 10 M ⊙ ).
Induced Gas Flows
The cumulative gas mass function M g (< R) at the end of each simulation is computed in order to quantify the gas displacement in the host. Due to gradual tilt of the host due to the interaction, the cumulative mass function is calculated in a coordinate system aligned with the disc's principal axes of the moment of inertia. These were determined using only gas and stellar particles with R < 4R D to exclude any tidal tail structure from the calculation. This allows obtaining M g (< R) in a plane approximately coincident with the disc plane. For convenience, M g (< R) is normalised to the total gas mass of the disc, represented by
In the following section, µ g (< R) is plotted for all the simulated cases at t ≈ 4τ . The final gas mass distribution in each case is compared with that of the isolated host galaxy at the same dynamical time. In Model B, the stellar bar induces radial gas flows in isolated evolution, so this comparison allows to distinguish the extent of the satellite's effect in producing additional gas flows.
Non-barred Model
The final gas mass distribution µ g (< R) for the prograde encounter of the satellite with the non-barred galaxy (Model A) in Orbit 1 (R i = 3R D , i = 30
• ) is shown in the left panel of Figure 3 . µ g (< R d ) increases to ≈ 0.34, compared to the µ = 0.30 for the isolated case. However, Figure 3 does show a significant increase in µ g for the inner region of the galaxy.
At R > 1.5R D , the final µ g is slightly lower with respect to the isolated case, showing that gas has also moved to higher radii. This may be an effect of the energy and momentum transferred by the satellite during its first passages through the disc's plane. The gas distribution produced by the more massive satellite is not significantly different to that of the less massive satellite. At small radii, the final cumulative mass distribution produced by the M s = 1.2 (Satellite 2) is ≈ 8 % lower than that of the satellite with M s = 0.6 (Satellite 1).
In the retrograde case of this orbit, the left panel of Figure 3 shows that the more massive satellite (Satellite 2) produces a noticeable change in the mass distribution as it is slightly higher than that of isolated evolution. This shows that a satellite may induce flows even in retrograde encounters, though this effect may be enhanced by the particular orbit chosen in this work. The gas is not reaching the central regions as it happens in the prograde case. The final µ g (< R) profile has a shape similar to that of the isolated profile but with a steeper slope. The effect of the less massive satellite (Satellite 1) is almost indiscernible from the final µ g in isolated evolution.
For Orbit 2 (R i = 6R D , i = 30 • ), the results of a prograde encounter with Model A are shown in the left panel of Figure 4 . It shows an important difference between the final mass distribution of Satellite 1 and that of Satellite 2. The more massive satellite (Satellite 2) drives a significant amount of gas to the primary's central region:
This represents an increase of about a factor of 2 with respect to isolated evolution. For the less massive satellite, the amount of displace gas decreases. At R = R D , M (< R) ≈ 0.36M d , which is ≈ 10% more than the final value in isolated evolution. At R = 2R D , the final distribution increases ≈ 14% with respect to the isolated case.
At R > 2R d , both distributions fall with respect to the distribution in isolated evolution, implying that gas is also being driven to larger radii by the interaction with the satellite. This may be explained by the fact that the satellite first disturbs the outer regions of the galaxy, which have a lower density and are less bound. Particles in these regions can be driven to higher orbits as the satellite passes through.
The final mass distributions for the retrograde encounters of Orbit 2 are plotted in the right panel of Figure 4 . There is no difference between the final µ g produced by the satellite and that of isolated evolution. Also, there is no clear difference in the mass distribution produced by each satellite. As the orbital decay is longer for this orbit, it remains for a longer period disturbing the outer parts of the galaxy. Therefore, no significant changes are produced in the gas mass distribution of the primary galaxy. The final µ g (< R) for the simulations with Orbit 3
• ) are shown in Figure 5 . The left panel shows the results of the prograde orbit and the right one shows those of the retrograde orbit. Both prograde and retrograde encounters produce final mass distributions with a higher mass fraction in the inner regions of the disc. For the prograde case (left panel of Figure 5 ), results show that Satellite 2 drives a slightly higher amount of gas to the central region than Satellite 1. At R = R D , µ g (< R) in the simulation with Satellite 1 is ≈ 42% higher than that of the isolated case, and in the simulation with Satellite 2, it is ≈ 58% higher than in isolated evolution. For the retrograde case, the final distributions are similar for both satellites. Satellite 1 produces an increase in the enclosed mass at R = R D of ≈ 52%, and Satellite 2 produces an increase of about ≈ 60%.
Barred Model
In the simulations with a barred galaxy (Model B), a prograde encounter in Orbit 1 produces the cumulative mass functions shown in the left panel of Figure 6 . The difference between µ g for the interacting pair and that of the isolated model is not significant. At R = R D , for both satellites µ g (< R) is approximately 4% lower than the gas fraction in isolated evolution. For the retrograde case, shown in the left panel of Figure 6 , the slope of the final cumulative mass function is higher, which is indicative of radial inflows. This tendency is more evident for the more massive satellite (Satellite 2). At R = R D , µ g is ≈ 2% higher for Satellite 1, and about 8% for Satellite 2 with respect to isolated evolution. At R = 2R D , this difference is ≈ 13% for the simulation with the second satellite. These results show a tendency similar to those of Model A.
For the simulations with Orbit 2, the left panel of Figure 6 shows the final gas mass distributions for the prograde encounter. In this orbit, the more massive satellite dis- This shows a significant displacement of gas and suggests that the mass flow increases with the satellite's mass. With the more massive satellite, approximately 60% of the gas has moved to the central region. The right panel corresponds to the retrograde orbit, which shows no significant difference respect to the isolated evolution.
places a much higher amount of gas to the central region than Satellite 1. At R = R D , µ g for the simulation with Satellite 1 is about 3% higher than that of the isolated case; at R = 2R D , µ g is 10% higher. For the more massive satellite, M (< R) = 0.60M g at R = R d , which is ≈ 44% higher than the final fraction in isolated evolution. At R = 2R D , the integrated mass is similar to that of the less massive satellite simulation. At R > 2R D , the lower value of the mass fraction with respect to isolated evolution may be attributed to the fact that gas has moved to larger orbits. The right panel of Figure 6 shows that in a retrograde encounter, the satellite is not introducing any effect distinguishable from isolated evolution. For both satellites, the final µ g (R < R D ) is only about 1% higher than in isolated evolution. The results are similar to those of the simulations of Model A.
In the case of Orbit 3, the final cumulative gas mass fraction is plotted in Figure 8 . Both prograde and retrograde orbits produce final mass distributions showing that gas moves to the inner parts of the primary's disc. However, the effect seems not to be strongly dependent on the satellite's mass. For the prograde orbit (left panel), µ g at R = R D is ≈ 21% higher for the simulation with Satellite 1, and ≈ 8% higher than isolated evolution for Satellite 2. The difference between the two plots is practically negligible at higher radii. At R = 2R D , the final fraction for both simulations is ≈ 16% higher than that of isolated evolution. For the retrograde orbit (right panel of Figure 8 ), the final cumulative gas fractions are similar. The integrated gas mass at R = R D increased ≈ 10% with respect to that of isolated evolution.
As a final comment, the difference between the prograde and retrograde encounters is clear for the inclined orbits (Orbits 1 and 2). The prograde orbits drive a higher amount of gas than the retrograde ones. The strongest effect is produced The prograde orbit shows slightly higher flows than the retrograde orbit for the more massive satellite. Although for the least massive satellite the difference between the prograde and retrograde orbit is not significant, it is interesting to note that gas is being displaced by the effect of a retrograde orbit. In these simulations, neither the prograde nor the retrograde orbit produce significant differences with respect to the isolated evolution of the model galaxy. These may be an effect of the satellite disturbing a region where the stellar bar has already displaced some of gas.
by the prograde cases of Orbit 2, which shows a dependence on the mass of the satellite. In the case of Orbit 3, both the prograde and retrograde encounters drive gas to within R < R D . The difference between a prograde and retrograde orbit is not significant, and is weakly dependent on the mass of the satellite.
DISCUSSION
Galaxy Morphology
It is clear that satellites in prograde orbits produce evident morphological features in both the gas and stellar components. In our simulations, these encounters generate a pattern resembling a grand-design galaxy. Satellites in these type of orbits are expected to produce higher damage to the primary galaxy due to the lower relative velocity of the perturber with respect to disc. Therefore, the orbits of gas and stars in the regions where the satellite is passing can be significantly disturbed as they move slowly with respect to the satellite. Our simulations show that very small satellites in some retrograde orbits can also produce a noticeable effect, though these becomes apparent after it has passed several times through the disc. However, some of our simulations consider circular orbits, which disturbs the disc in a periodic fashion and may enhance the effect of a retrograde encounter.
The morphology of the prograde encounters found here is qualitatively similar to those obtained in previous works, but where more massive satellites have been used. Orbit 2 (R i = 6R D , i = 30
• ) was first used in Mihos & Hernquist (1994) and Hernquist & Mihos (1995) , and the morphology of our simulations is qualitatively similar to that of these works. The spiral arm morphology in the stellar compo- The left panel corresponds to the prograde orbit and the right panel corresponds to the retrograde orbit. Gas flows are produced in both cases as the gas fraction in the central region increases. However, the difference between the prograde and retrograde case is not significant. nent of our simulations is similar to those of other studies of infalling satellites such as Velazquez & White (1999) , Kazantzidis et al. (2008) , and Kazantzidis et al. (2009) . The present work considers satellites with a mass ratio between ≈6:1000 and ≈3:265 whereas Velazquez & White (1999) use satellites with mass ratios between ≈1:125 and ≈3:200. Kazantzidis et al. (2008) and Kazantzidis et al. (2009) , use satellites with a mass ratio in the range between ≈1:100 and ≈1:38. Although the latter used orbits derived from cosmological simulations, they do not consider hydrodynamical effects. Chakrabarti et al. (2011) studied the tidal effect of satellites with mass ratios in the range of 1:3 to 1:100 to derive models to fit the observed spatial distributions of gas in galaxies such as M51 and NGC 1512. Additionally, they explore if the mass of an interacting satellite could be inferred from the observed morphology. The morphology in our simulations is similar to those obtained in the simulations of satellites with a mass ratio of ≈1:100 of Chakrabarti et al. (2011), although they only considered prograde orbits. On the other hand, the simulations of the retrograde orbits of the present work show that the perturbation of the satellite can be strong enough to break the axisymmetry of the disc, but has some dependence on the mass of the satellite and the inclination with respect to the plane.
Observations have shown that many galaxies present some lopsidedness or asymmetries in their gaseous and stellar components; see for example Beale & Davies (1969) Zaritsky et al. (2013) . Matthews et al (1998) found that a fraction of 77% of a sample of late-type galaxies have lopsided HI distributions. Simulations Bournaud et al. (2005) indicate that mergers with a mass ratio ≈1:10 produce lopsidedness with m = 1 and m = 2 modes. The present work shows that even less massive satellites can produce these effects.
Gas Flows
The results of §3.2 show that satellites with mass ratios of ≈ 1:1000 -1:100 can produce significant flows in the host's disc, but it is sensitive to the orbital parameters of the satellite. The mass of the satellite has been varied in order to explore the effect of a more massive satellite with the same orbital parameters.
In our simulations, all prograde orbits produce significant flows of gas except in the case of Orbit 1 with the barred model. The satellite in Orbit 2 produces the strongest effect and shows the most sensitivity to the mass of the satellite. With the most massive one, M (R < R D ) = 0.63M g at the end of the simulation and with the less massive one, M (R < R D ) = 0.35M g . Such difference may be attributed to the fact that a satellite in Orbit 1 passes through regions of higher density and gravitationally more bound, thus being more difficult to disturb. This effect as well as the prograde sense of the orbit favours a quick disruption of the satellite, reducing the intensity of the perturbation. The satellite in Orbit 2 first disturbs the outer, less dense, and less bound regions of the galaxy. Additionally, a stronger spiral pattern is formed in both the gas and stellar components. These structures produce torques that can remove angular momentum from the gas.
In the case of a prograde coplanar orbit (Orbit 3), the simulation with Model A and the less massive satellite produces a final integrated mass fraction at R = R D about 40% higher than that of isolated evolution; µ g is about 58% higher for the more massive satellite. For Model B, the difference with respect to the final integrated mass fraction at R = R D is about 20%, and it does not show a clear dependence on the mass of the satellite.
It is interesting that a retrograde encounter following Orbit 3 produces flows. In the simulations with Model A, µ g (R < R D ) is about 55% higher with respect to isolated evolution for the less massive satellite and about 70% higher for the more massive one. Simulations with Model B also show gas inflows producing a final gas mass distribution that is about 10% higher than that of isolated evolution. With the satellite in this orbit, the final integrated mass fraction at R = R D corresponds to ≈ 50% of the mass of the galaxy, with no clear dependence on the mass of the satellite. The simulations with the coplanar orbit and both Model A and B show a similar final gas mass distribution and the dependence on the satellite's mass is weak.
In the simulations of Model B, gas flows are also induced by the presence of the bar. Because Model A avoids the formation of a bar and other non-axisymmetric features, the effects of the infalling satellite on the host galaxy may be isolated from those of a bar. The simulations with Model A show that satellites with a mass ratio of ≈1:100 can still produce significant gas inflows in the host galaxy. With the most massive satellite in Orbit 2, approximately 35% of the galaxy's gas passed through R = R D in a timescale of t ≈ 2.5τ . This corresponds to ≈ 1.6 × 10 9 M ⊙ in ≈ 600 Myr. The interacting satellite induces the formation of nonaxisymmetric features in the gaeous and stellar components which may redistribute the angular momentum of the gas and produce inflows. As the gas concentrates in the spiral arms, it can loose orbital energy through dissipation and shocks. It is noted that although an artificial viscosity term is introduced in SPH to allow the formation of shocks, these may not be adequately represented at the level of resolution of our simulations. The present work focuses in the large-scale dynamics of the gas, which are adequately represented in our simulations. Kim & Kim (2014) show that spiral structure can have an important effect in driving gas flows in galaxies. Regarding the effect of non-axisymmetric features, simulations with Model A show that the cases where the most prominent features are observed correspond to those with the highest inflows.
An interesting result is that of Orbit 3, which shows that some particular retrograde orbits can produce discernible gas flows. In this case, approximately 20% of the gas mass was driven to R < R D in the simulation. This orbit also triggers the formation of some non-axisymmetric features in the disc which may induce inflows. The constant presence of the satellite in the host's plane introduces an additional perturbation to the potential that disturbs the gas and may contribute to the flows. Although such a fine-tuned coplanar orbit may be rather unlikely, the simulation shows that the cumulative effect of a retrograde orbit is not negligible. The difference between the prograde and retrograde simulations of Orbit 3 are noticeable in the flows passing by R = 0.28R D . For the prograde one, about 30% of the gas moves to R < 0.28R D whereas in the retrograde one, the fraction is slightly more than 20%. Simulations with Model A show that satellites with small masses compared to the host still have a significant effect on the gas dynamics of the host.
The simulations with Model B show the effect of the infalling satellites in a barred galaxy. The fact that the final gas mass distributions of both the prograde and retrograde orbits are similar to those of Model A supports the idea that the satellite's perturbation is inducing flows in the host. The final gas mass distribution for the prograde case of Orbit 1 shows no significant difference to that of isolated evolution. However, the simulations with Model A show that the satellite in this orbit disturbs the gas in the inner parts of the galaxy. In Model B, because the interaction takes place at a moment when the bar has already redistributed the material at the inner regions, a certain fraction of the galaxy's gas is no longer available to be further displaced by the satellite. On the other hand, the simulations with Orbit 2 do show that the the interaction is contributing with additional gas flows. The simulations of Model B in isolated evolution show that the mass fraction at R ≈ 2.28R D stays at ≈ 60% during 8 orbital periods, and the gas disc extends up to about (5 − 6)R D . Therefore, about 40% of the galaxy is yet available to be redistributed by an infalling satellite.
The simulations of Model B and Orbit 3 show that both the prograde and retrograde orbits produce inflows that are somewhat higher than those in isolated evolution. For the prograde orbit, the final gas mass fraction at R = R D is about 20% higher than that of isolated evolution; and for the retrograde one, it is about 10% higher. The dependence of the final gas distribution on the satellite's mass is weak. An interesting result, also seen with Model A, is that the retrograde case of Orbit 3 also produces noticeable gas inflows in Model B where slightly less than 10% of the mass of the galaxy moves to a region within R = R D . However, at R = 0.28R D the difference with respect to the flows in isolated evolution is not significant. Although the effect of a bar depends on its strength and size, it is clear that it can produce continuous inflows of gas (e. g. Athanassoula 1994; Regan & Teuben 2004; Kim et al. 2012 ). These results suggest that the effect of minor satellites may become important when they disturb the outer parts of a galaxy hosting a bar. Mihos & Hernquist (1994) (MH94) and Hernquist & Mihos (1995) (HM95) explored the effect of minor mergers as a mechanism for inducing activity in galaxies using a model galaxy having an isothermal dark matter halo, stellar and gas discs, and alternating between models with bulge and no bulge. Their model had Q(R ⊙ ) = 1.5 at the solar radius. These authors indicate that no significant gas flows are observed in isolated evolution, but do not comment in detail the effect of the presence of a bar, making a comparison with their results in this matter rather difficult. In terms of the final gas mass distribution, they obtain that ≈ 50% of the gas moves to R < R D in a bulgeless galaxy, but this quantity decreases to ≈ 35% when the mass of the bulge is 1/3 of the disc's mass. However, it is not clear to what extent the presence of bar has affected the gas flows.
In the present work, a dark matter halo with a NFW profile is used, instead of an isothermal one, also with stellar and gaseous discs. A bulge is included in all simulations, with M b ≈ 1/5M d . A model galaxy with a rather high Toomre parameter (Q = 3), not explored in previous works, is also used here. HM95 use a satellite with a Hernquist profile with M s = 0.1M D , corresponding to a mass ratio of ≈1:72 with respect to the total mass of their galaxy. In this work, however, satellites with a Plummer profile are used, with M s ≈ 0.13M D and M s ≈ 0.3M D , corresponding to approximate mass ratios of 6:1000 and 3:265, respectively.
The less massive satellite used in the present work has a smaller mass ratio than that of HM95. The bulge mass of the galaxy models used in the present work falls between the masses used by HM95. The simulation of Model A has a slightly higher inflow at R = R D than that of HM95. The cumulative gas mass fraction of the present work is similar to that of the less massive bulge in HM95. The results of Model B also show values slightly higher than those of HM95. The final integrated mass functions of Orbit 2 with the less massive satellite are qualitatively similar to those of HM95, and that of Model B shares more similarities in the behaviour as a function of radius. However, the results of the present work show a higher mass fraction at R = 2R D than in HM95. An important difference between HM95 and the present work is that we use a ≈ 3.9 times more massive dark matter halo with a NFW profile. A different profile may affect the dynamics of the disc as the possible orbits in the central region may change, and a more massive halo implies a deeper potential well. However, the similarity in the results suggests that differences in the shape of the halo profile may not be of strong importance for the gas motions at galactic disc scales, in comparison to differences in the total mass of the halo. Although the halo's inner profile slope may play a more noticeable role in the accretion profile of gas at such places.
In the present work, a set of retrograde orbits has also been explored. Such cases are relatively unexplored in the literature because less damage is expected from satellites in these orbits. In the case of inclined orbits such as Orbit 1 and 2, no significant inflows are obtained, which is expected from the fact that the relative velocity with respect to the disc is high. However, a coplanar retrograde orbit such as Orbit 3 does produce significant flows of gas regardless of the presence of a bar. In the case of Model A, the final gas mass fraction within R = R D increases by ≈ 60% with respect to isolated evolution, with no significant dependence on the mass of the satellite. In the case of Model B, the increase is about 12%, also with no clear difference with respect to the mass of the satelllite. The movement of the small satellite along the plane of the galaxy does produce morphological features that break the symmetry of the disc. The perturbation of the gravitational potential induced by these density features as well as the continuous presence of the satellite in the plane can maintain a certain inflow rate. Although such a fine-tuned orbit may be unlikely for an infalling satellite, it is an example of a retrograde orbit that produces noticeable effects in the dynamics of the primary galaxy, situation that has not been explored or reported earlier in similar works as this.
Astronomical Applications
We now disuss briefly two probable astronomical implications of this work.
Lopsidedness and Asymmetries in Discs
Several isolated galaxies (see for example Karachentsev 1972) show signs of disturbances like lopsidedness. However, there is no clear evidence of the presence of similar companions in their vicinity. Due to the low surface brightness of dwarf galaxies, it is difficult to determine observationally if a population of these objects exists around larger host galaxies ). According to the standard galaxy formation scenario (e. g. Mo et al. 2010) , a significant population of satellites is expected around galaxies and reproduced in cosmological simulations (e. g. Klypin et al. 1999; see Bullock (2010) for a review). This implies that galactic discs will have experienced of the order of thousands of minor interactions leading to impulsive shocks and resonant heating (Moore et al. 1999) .
Several works in simulations have explored the effect of minor mergers with mass ratios in the range of ∼1:10 and their effects in the morphology and heating of the host (e. g. Dobbs et al. 2010; Purcell et al. 2010; Purcell et al. 2011; Qu et al. 2011) . Simulations by Chakrabarti et al. (2011) have explored the morphological effects of satellites in the 1:100 range as well. The present work shows that even satellite galaxies, smaller than roughly the size of the Small Magellanic Cloud, can induce lopsided density distributions in galaxies similar to the Milky Way. Furthermore, their effects may be more noticeable in the HI gas maps of galaxies. The results of the present work show that such small satellites around such galaxies may induce these morphological features. Considering that Milky Way-sized haloes may have had an active accretion history, these satellites can still have an impact on these systems.
Active Galactic Nuclei
The present work also has implications in the triggering of nuclear activity in galaxies. In the context of Active Galactic Nuclei (or AGNs), it is widely accepted that mergers are a triggering mechanism for nuclear activity (e. g Alexander & Hickox 2012), but it is not clear from an observational standpoint to what extent minor mergers and perturbations of small satellites can have an impact. Additionally, there is no clear correlation between the presence of an AGN and a bar in the host galaxy (for a review, see Beckmann & Shrader 2012) . A recent study using SDSS data by Galloway et al. (2015) finds that barred galaxies hosting an AGN do not show a higher accretion than unbarred AGN hosts. This suggests that other dynamical mechanisms are relevant in driving flows that fuel the AGN. Chang (2008) has pointed out the potential of minor mergers in feeding the central region and triggering nuclear activity, but only using approximate analytical models. In the present work, we have explored this point with more realistic galaxy models. The simulations with Model A show that a small external disturbance can play an important role in driving flows in a non-barred galaxy.
For a galaxy with a weak stellar bar or none at all, these small interactions can be a viable mechanism for inducing important gas flows to the central regions. Other effects such as star formation and feedback should also be considered in a more complete modelling. In the case of barred galaxies, the simulations of Model B indicate that these minor satellites can have an important effect as long as the presence of the bar has not depleted significant amounts of gas. Nevertheless, gas from the outer regions of the galaxy may still be relatively undisturbed and be redistributed by the interaction. Most of the prograde orbits seem favourable for driving gas to the central regions (R < 0.28R D ). When scaled to R D = 3.5 kpc as for the Milky Way galaxy, this means that the displaced gas is reaching the inner kpc of the host. When the satellite disturbs the outer parts of the galaxy, it is found that it can take up to ≈ τ for the gas to reach the central regions. This result is relevant in the sense that if these mergers leave transient morphological features, they may dissolve before any activity is triggered in the nuclear region. In the case of the retrograde circular orbits, no flows were obtained, but noticeable morphological effects were apparent, specially with the more massive satellite treated here. Although these orbits may not be relevant in the context of nuclear activity, they may be relevant in triggering some instabilities that may lead to star formation activity.
As a final comment, it is noted that in some of our simulations, it is found that a gas fraction comparable to 50% of the gas of the galaxy (≈ 2.2 × 10 9 M ⊙ ) ends at the region where R < R D . In the most extreme case (Orbit 2), approximately 35% of the gas moves to this region from the outer parts of the disc during the simulation, which corresponds to a mass of ≈ 1.5 × 10 9 M ⊙ . In the simulations of this work, the gas is driven to the central regions of the galaxy in a typical timescale of approximately at least 240 Myr.
In simulations of gas flows in interacting galaxies, find an accretion rate ofṀ ∼ 10 M ⊙ yr −1 at scales of 0.1 pc. Analysis of the NUGA sample of active galaxies by Haan et al. (2009) finds for nearby spiral galaxies accretion rates in the range of 0.01 − 50 M ⊙ yr −1 at scales of from 1kpc to 10pc with typical flow timescales of 10 8 years. In a numerical study of fly-by interactions, Montuori et al. (2010) find typical timescales for inflows also in the order of 10 8 years. These are similar to the timescale for the gas flows found in the present work. Assuming a mass flow rate of ∼ 10 M ⊙ yr −1 (e. g. Hopkins & Quataert 2010) in a timescale of 240 Myr, the amount of accreted gas is 2.4 × 10 9 M ⊙ , which is comparable to the fraction of gas that moves to within R = R D found in some of the simulations of the present work. The results found in the present work may also be relevant in the context of driving star formation activity. According to R. C. Kennicutt (1998) , displacing a fraction of up to 50% of the gas of the galaxy may be needed to fuel the star formation observed in some active galaxies.
CONCLUSIONS
We explore the role of small satellites, with total mass ratio R ≈ 1:1000-1:100, in driving large amounts of gas to the central disc of a disc galaxy resembling the Milky Way. We considered both a barred and non-barred model.
Our simulations show that in terms of morphology, this interactions can drive noticeable morphological features in the disc. Prograde orbits produced grand-design spiral arms whereas retrograde interactions induced some asymmetries or lopsidedness.
The simulations also show that these small interactions can induce significant gas flows to the centre of a disc galaxy. The most extreme case shows that a fraction of ≈ 60% of the total gas in the disc falls within 1R D of a Milky Way sized galaxy after the interaction and merging of the satellite. The case of an interaction with a non-barred galaxy shows that the satellite perturbation is producing a significant change on the gas distribution. These simulations show that an important amount of gas can reach the central regions of a disc galaxy due to the interaction with a small satellite.
For future work, it would be interesting to consider simulations using using satellite orbital parameters derived from cosmological simulations. Our model is also limited by assuming an isothermal gaseous component for the ISM, lacking other physical processes as star formation and feedback effects. We plan to address some of these topics in the future.
